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The thermal diffusivity of reactor irradiated (U,Gd)O2 fuels has been measured, for burn-ups from 33 to
97 GWd tHM1 and for irradiation temperatures from 670 to 1580 K. Measurements under thermal
annealing cycles were performed in order to investigate the recovery of the thermal conductivity as a
function of temperature. The analysis of the results showed a lower thermal conductivity for (U,Gd)O2
when compared to UO2, with similar effects of the burn-up and irradiation temperature. A correlation
for the thermal conductivity could be proposed on the basis of that for UO2 presented in an earlier work,
which describes the separate effects of soluble ﬁssion products, of ﬁssion gas frozen in dynamical
solution and of radiation damage.
 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Gadolinia is added to uranium oxide as a burnable poison to
suppress the excess reactivity of the fuel at the beginning of life
and to control the power distribution in light water reactors
(LWR) [1]. In order to assess the performance of the (U,Gd)O2 fuel
under irradiation, it is necessary to perform a systematic measure-
ment campaign on the thermal transport performance of irradiated
fuel.
Our previous results obtained on irradiated UO2 [2] show that
the thermal conductivity is decreasing with increasing burn-up,
and that at equal burn-up, samples with higher irradiation temper-
atures have higher thermal conductivity. Out-of-pile annealing
induces a recovery of the thermal conductivity, as a result of
recombination of point defects caused by irradiation and precipita-
tion of ﬁssion gas atoms into bubbles. A signiﬁcant reduction in
thermal conductivity was observed in UO2 due to the auto-irradia-
tion damage produced during the storage period between the end
of the irradiation and the laboratory measurement [2]. The
threshold burn-up and temperature for the high burn-up structure
(HBS) formation in UO2 and (U,Gd)O2 have been reported to be
respectively between 55 and 82 MWd/kg U and 1100 ± 100 C [3].
The formation of the high burn-up structure results in an increase
of the porosity and a decrease in the grain size and our measure-
ments for UO2 have shown a positive effect on the lattice thermalconductivity (i.e., if the reduction due to the increase in porosity is
not taken into account).
Previous studies [4–9] have shown that the thermal conductiv-
ity of unirradiated gadolinia-doped fuel is lower than for undoped
UO2, the difference decreasing with increasing temperature. For
the same concentration of the additive, the impact of the gadolin-
ium addition to form the (U,Gd)O2 solid solution is more
pronounced than for plutonium addition to form (U,Pu)O2. This
behaviour can be interpreted as due to the differences in atomic
mass and ionic radius between the additive atom and the uranium
atom, the dissolution of the Gd atom inducing more lattice strain
and is more efﬁcient as phonons scattering centre [9]. Further-
more, in stoichiometric (U,Gd)O2, a fraction of the uranium U4+
atoms form U5+ by charge compensation and also constitute pho-
nons scattering centres, phenomenon which does not take place
in Pu-doped fuel.
For irradiated fuel, results were published by Amaya et al.
(6.4 at.% Gd, 43 and 50 GWd tHM1 burn-up) [10], Minato et al.
(10 at.% Gd, about 40 GWd tHM1 burn-up) [11], Yagnik (10 at.%
Gd, 21 and 47 GWd tHM1 burn-up) [12] and Sonoda et al.
(7.2 at.% Gd, 52 GWd tHM1 burn-up) [13]. These results corre-
spond to a limited burn-up range and to different Gd contents
and irradiation histories, making a systematic analysis of the
burn-up effect difﬁcult.
In this paper, the effect of the addition of 7.2 at.% of 160Gd on the
thermal diffusivity and thermal conductivity of UO2 is investigated.
The (U, Gd)O2 samples were irradiated in the framework of the
international High Burn-up Rim Project (HBRP) [14,15]. This study
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(U,Gd)O2 in the useful range of irradiation temperatures (500–
1500 K), considering samples from low to high burn-up, and with
low to high irradiation temperatures. Thermal diffusivity measure-
ments were performed and analysed taking into account the
results of the post-irradiation examinations required to character-
ise the microstructure, in particular the porosity of the samples
and the formation of the high burn-up structure. The obtained
experimental results make it possible to analyse the thermal con-
ductivity degradation with the burn-up and as a function of the
irradiation conditions.2. Experiments
2.1. Samples
The objective of this work was to investigate the deterioration
of the thermal conductivity of the gadolinia-doped fuel as a func-
tion of the irradiation conditions up to burn-ups of the order of
100 GWd tHM1. Fuel from commercial LWR is representative for
the irradiation and restructuring behaviour, but the parameterisa-
tion of the thermal conductivity dependence on irradiation
temperature and burn-up is not straightforward because of the
gradients existing in the samples and of the complex in-pile tem-
perature history of a specimen taken from a fuel rod. Samples from
disk irradiations in material testing reactors are much better suited
for systematic studies, and have been used in this work. UO2 and
(U, Gd)O2 samples were irradiated in the framework of the interna-
tional High Burn-up Rim Project (HBRP). (U,Gd)O2 pellets contain-
ing 160Gd of around 7.2 at.% were prepared by coprecipitation,
starting from a mixture of enriched UO2 powder and 160Gd2O3 dis-
solved in nitric acid. The pellets were sintered at 1920 K during 8 h
in a Ar/5%H2 gas ﬂow. The lattice parameter (5.4669 ± 0.0009 Å)
was measured with XRD. Optical microscopy was used to charac-
terise the grain size (7.6 lm) and showed the absence of precipi-
tates or inclusions. EPMA scans were performed and conﬁrmed
the homogeneity of the Gd concentration. The examined (U,
Gd)O2 fuels are therefore homogeneous solid solutions. The
samples were in the form of disks of 1 mm thickness and 5 mm
diameter, irradiated in the Halden reactor under constant, con-
trolled temperature (Tirr of approximately 750, 900, 1100 and
1450 K) and up to different burn-ups: approximately 34, 52, 76
and 92 GWd tHM1. These values were chosen in order to cover
the conditions relevant for standard fuel rods, in particular the irra-
diation temperature at the pellet periphery (Tirr  600–800 K) and
at the centre of the pellet (Tirr  1300–1500 K).
In this capsule irradiation, isothermal irradiation conditions
were obtained by positioning each disk between two metallic
plates, so that the temperature proﬁle in the disk was sufﬁciently
ﬂat to justify the assumption of effectively isothermal irradiation
conditions. The fuel enrichment (25% of 235U), the Gd isotopic com-
position (160Gd, which has a low thermal neutrons absorption
cross-section and is non-burnable) and the neutron spectra were
chosen to achieve pre-ﬁxed target burn-ups which were veriﬁed
by post-irradiation examinations. These examinations showed
that, as a result of the high enrichment and Gd isotopic composi-
tion, the burn-up proﬁle in the samples was homogeneous [13].
The irradiation time was the same for all samples; different
burn-ups were obtained at different positions in the reactor
[16,17]. A description of the samples is given in Table 1. The den-
sity of the irradiated samples was measured by the Archimedes
method at ambient temperature. The oxygen potential of the irra-
diated samples was measured with a miniaturised galvanic cell
[18] and was compared to results obtained for standard irradiated
UO2 fuel, it was concluded that no signiﬁcant difference exists, andin particular that no oxidation of the disks occurred. Comparison
with unirradiated UO2 and (U,Gd)O2 shows that the oxygen
potential values are close to UO2.00 and (U,Gd)O2.00 and well below
UO2.01. As explained in Ref. [19] the oxygen potential increases at
constant O/M ratio due to the dissolution of Pu and rare earth ele-
ments, which increases with burn-up. We therefore conclude that
the fuel matrix remained stoichiometric.
Altogether, the thermal diffusivity of 7 (U,Gd)O2 samples was
measured, covering an ample range of irradiation parameters.
These results are compared to the results obtained for 11 UO2
samples, that were already published [2]. Observations have
shown that the burn-up and temperature thresholds for the high
burn-up structure formation were similar in the UO2 and
(U,Gd)O2 samples considered in this work, and that the density
changes as a function of burn-up and irradiation temperature were
also similar [13]. The samples were irradiated in the period from
December 1993 to May 1996 and the thermal diffusivity measure-
ments were done in the period from June to July 2000 for samples
B12, C10, I11, J9 and O9, and in March 2004 for samples A10 and
P12. Auto-irradiation effects were observed on the thermal
diffusivity results for UO2, and a similar experimental procedure
consisting in annealing cycles was used for the (U,Gd)O2 samples
in order to quantify such effects.
2.2. Experimental set-up and measurement procedure
A shielded ‘‘laser-ﬂash’’ device designed and constructed at JRC-
ITU [20] was used for the measurement of the thermal diffusivity,
a, of irradiated fuel. The samples are small disks or parts of a disk
with plane and parallel faces. The thickness of the samples is mea-
sured at ambient temperature for different positions at the sam-
ples surface in order to verify that the faces are plane and
parallel. The effect of thermal dilatation on the thickness is taken
into account using the thermal expansion coefﬁcient recom-
mended by Venkata Krishnan et al. [21]. The samples are heated
under vacuum (105–106 Pa of nitrogen) up to the measurement
temperature in a high frequency furnace. As soon as a stable tem-
perature is obtained, a laser pulse of 2 ms is applied to the front
surface of the disk. The pulse length is increased to 10 ms and
the power is reduced in the case of high burn-up fuel, in order to
reduce the thermal stress generated in the sample and therefore
to avoid premature sample failure. The temperature perturbation
on the opposite surface is recorded by a pyrometer and the
obtained thermograms are analysed in order to deduce a and the
heat loss coefﬁcients by a numerical ﬁtting procedure taking into
account explicitly the laser pulse length [20]. The precision of the
a measurements is better than 5%, and is mainly determined by
the samples thickness variations.
The experiments were carried out starting at 500 K with the aim
of measuring a at increasing temperatures and of examining recov-
ery effects after laboratory thermal annealing above the fuel irradi-
ation temperature. Thermal cycles were applied corresponding to
selected sequences of annealing temperatures (Tann) up to
1450 K or up to sample failure. High burn-up samples usually
loose fragments when heated above a certain temperature that
depends on their irradiation temperature and burn-up. A sample
is considered to have failed when the lateral dimensions of the
largest piece remaining available for measurement are smaller
than 3 mm.
2.3. Thermal diffusivity
2.3.1. Un-irradiated (U,Gd)O2
The thermal diffusivity results for the un-irradiated sample are
shown in Fig. 1. At low temperatures, the measured thermal diffu-
sivity of the fresh doped pellets is markedly lower than that of
Table 1
Samples label, irradiation temperature (Tirr, K), burn-up (bu, GWd tHM1) and density (q, kg dm3) of the UO2 and (U,Gd)O2 samples.
Target burn-up GWd tHM1 (U,Gd)O2 UO2 [2]
Tirr ﬃ 750 Tirr ﬃ 1100 Tirr ﬃ 1450 Tirr ﬃ 750 Tirr ﬃ 900 Tirr ﬃ 1100 Tirr ﬃ 1450
0 q = 10.49 q = 10.49 q = 10.49 q = 10.47 q = 10.47 q = 10.47 q = 10.47
34 A10 I11 A6 E5 I5 M5
Tirr = 670 Tirr = 1040 Tirr = 670 Tirr = 880 Tirr = 1040 Tirr = 1220
bu = 33 bu = 33 bu = 34 bu = 34 bu = 33 bu = 34
q = 10.29 q = 10.31 q = 10.43 q = 10.41 q = 10.42 q = 10.41
52 B12 J9 B5 F6 J5 N5
Tirr = 720 Tirr = 1150 Tirr = 720 Tirr = 930 Tirr = 1150 Tirr = 1370
bu = 61 bu = 53 bu = 55 bu = 51 bu = 51 bu = 51
q = 9.97 q = 10.03 q = 10.08 q = 10.20 q = 10.17 q = 10.19
76 C10 O9 C5
Tirr = 780 Tirr = 1510 Tirr = 780
bu = 84 bu = 84 bu = 82
q = 9.67 q = 9.72 q = 9.70
92 P12 D4 P3
Tirr = 1580 Tirr = 800 Tirr = 1580
bu = 97 bu = 96 bu = 92
q = 9.70 q = 9.42 q = 9.70
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Fig. 1. Thermal diffusivity of fresh (U,Gd)O2 (converted from 97% to 95% TD)
compared to UO2 (95% TD) and to the data of Hirai and Ishimoto [5].
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Fig. 2. Thermal diffusivity of the (U,Gd)O2 samples A10, B12 and C10 irradiated at
about 750 K.
D. Staicu et al. / Journal of Nuclear Materials 453 (2014) 259–268 261nuclear grade pure UO2, but above 1400 K this difference becomes
effectively insigniﬁcant. Compared to the data of Hirai and Ishim-
oto [5] (Fig. 1), the values obtained in this work are signiﬁcantly
higher.
The thermal diffusivity results for irradiated fuel (without cor-
rection for the porosity and density changes due to irradiation)
were classiﬁed according to irradiation temperatures, and can be
summarised as follows.
2.3.2. Samples irradiated at 750 K
Compared to fresh fuel, a progressive degradation of the ther-
mal diffusivity is observed when the burn-up increases and we
found approximately a factor of 2.5 in passing from the as-fabri-
cated state to a burn-up of 84 GWd tHM1 (sample C10) followed
by a cooling time of 5 years.
The thermal diffusivity of the low burn-up sample A10
(33 GWd tHM1) was measured during 4 annealing cycles with
increasing maximum temperatures and a clear (approximately
30%) recovery of the thermal diffusivity was observed (Fig. 2).
The higher burn-up samples B12 (61 GWd tHM1) and C10
(84 GWd tHM1) failed at annealing temperatures, Tann, of about
600 and 700 K respectively, i.e., lower than their irradiation tem-
peratures Tirr, and no annealing effects on thermal diffusivity couldbe measured. The poor resistance of the B12 sample, and its
relatively low thermal diffusivity, suggest a lower than expected
irradiation temperature or the presence of a small crack. The com-
parison of samples B12 and C10 is however not straightforward, as
sample C10 exhibits the high burn-up structure and therefore
could have a thermal diffusivity higher than expected supposing
a progressive degradation with increasing burn-up between sam-
ples B12 and C10. The results obtained for the (U,Gd)O2 sample
A10 (33 GWd tHM1) and UO2 sample A6 (34 GWd tHM1), that
have been subjected to similar irradiation conditions, are com-
pared in Fig. 3. Although the two samples have similar porosity val-
ues (density of 95% TD), the thermal diffusivity of the (U,Gd)O2
sample is lower, both before and after annealing. However the val-
ues converge at high temperature (as observed for the unirradiated
fuels) and the annealing behaviour is similar in both samples.
The thermal diffusivity of the (U,Gd)O2 samples B12
(61 GWd tHM1) and C10 (84 GWd tHM1) and UO2 samples B5
(55 GWd tHM1), C5 (82 GWd tHM1) and D4 (96 GWd tHM1) is
compared in Fig. 4. The effect of burn-up in Gd-doped UO2 is anal-
ogous to that in UO2. Though the irradiation effects on the thermal
diffusivity are largely predominant, at high burn-ups the difference
in diffusivity between (U, Gd)O2 and UO2 is still appreciable. This
difference decreases with burn-up, it is larger at the burn-up of
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Fig. 3. Thermal diffusivity of the (U,Gd)O2 sample A10 (Tirr = 670 K,
bu = 33 GWd tHM1) and UO2 sample A6 (Tirr = 670 K, bu = 34 GWd tHM1).
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Fig. 5. Thermal diffusivity of the (U,Gd)O2 samples I11 (33 GWd tHM1) and J9
(53 GWd tHM1) irradiated at about 1100 K.
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about 80 GWd tHM1 (samples C5 and C10).600 800 1000 1200 1400
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Fig. 6. Thermal diffusivity of the (U,Gd)O2 sample I11 (Tirr = 1040 K,
bu = 33 GWd tHM1) and UO2 sample I6 (Tirr = 1020 K, bu = 33 GWd tHM1).2.3.3. Samples irradiated at 1100 K
In the low to medium burn-up samples I11 and J9 (33 and
53 GWd tHM1 respectively), the effect of irradiation on the ther-
mal diffusivity (Fig. 5) is weaker than in the samples irradiated
at about 750 K (Fig. 2). Only the lower burn-up sample I11 could
be thermally annealed up to Tann  1450 K. The annealing behav-
iour of a was analogous to that of the sample A10 irradiated at
750 K up to the same burn-up, the diffusivity recovered approx-
imately 15–20% of its initial value. The higher burn-up sample J9
showed a better annealing resistance than the corresponding low
Tirr sample B12. It also failed however after a thermal annealing
at approximately 1250 K.
The results obtained for the corresponding Gd-doped and
undoped samples I11 (33 GWd tHM1) and I5 (33 GWd tHM1)
are compared in Fig. 6. The thermal diffusivity of the (U,Gd)O2
sample is lower, both before and after annealing. However the val-
ues converge at high temperatures. The recovery during annealing
is similar in both samples. A similar behaviour is observed for the
thermal diffusivity of the (U,Gd)O2 sample J9 (53 GWd tHM1) and
of the UO2 sample J5 (51 GWd tHM1) as shown in Fig. 7.500 600 700 800
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Fig. 4. Thermal diffusivity of the (U,Gd)O2 samples B12 (61 GWd tHM1) and C10
(84 GWd tHM1) and UO2 samples B5 (55 GWd tHM1), C5 (82 GWd tHM1) and
D4 (96 GWd tHM1).2.3.4. Samples irradiated at 1450 K
The thermal diffusivity of the samples O9 and P12 (84 and
97 GWd tHM1 respectively) is shown in Fig. 8. The sample O9
failed at about 1000 K, i.e., signiﬁcantly under its irradiation tem-
perature, which could be due to the existence of an internal crack.
The sample P12 corresponds to a high irradiation temperature
(1580 K), but a recovery of the thermal diffusivity was observed600 800 1000 1200 1400
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bu = 53 GWd tHM1) and UO2 sample J5 (Tirr = 1100 K, bu = 51 GWd tHM1).
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bu = 84 GWd tHM1) and P12 (Tirr = 1580 K, bu = 97 GWd tHM1).
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done). As the radiation damage produced in pile can only be
annealed at temperatures higher than irradiation temperature, this
recovery is attributed to the effect of auto-irradiation damage that
was accumulated at much lower temperatures between the end of
irradiation and the measurement. Comparison of the results for the
(U,Gd)O2 sample P12 (97 GWd tHM1) and the UO2 sample P3
(92 GWd tHM1) (Fig. 9) shows that the thermal diffusivity of the
sample P3 is higher at low temperatures, but becomes lower at
high temperatures. One possible explanation for this behaviour is
the formation of small cracks in the UO2 sample (increased scatter
is observed in the results), as it was not observed for the lower
burn-up (U,Gd)O2 samples I11 (33 GWd tHM1) and J9
(53 GWd tHM1). Compared to the lower burnup (U,Gd)O2 samples
with low irradiation temperatures (B12 and C10), the degradation
in thermal diffusivity is smaller for sample P12, and the difference
between the values for P12 and P3 is reduced compared to the dif-
ference between A10 and A6.
The analysis of the thermal diffusivity measurements has
shown that the effect of burn-up on Gd-doped UO2 is analogous
to that in pure UO2 but even at high burn-ups a difference in ther-
mal diffusivity between (U,Gd)O2 and UO2 is still present. Com-
pared to UO2, the thermal diffusivity of the (U,Gd)O2 samples is
lower, both before and after annealing. The annealing behaviour
is similar in both fuels. Furthermore, the values tend to converge
when the burn-up increases and at high annealing temperatures.600 800 1000 1200 1400
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Fig. 9. Thermal diffusivity of the (U,Gd)O2 sample P12 (Tirr = 1580 K,
bu = 97 GWd tHM1) and UO2 sample P3 (Tirr = 1580 K, bu = 92 GWd tHM1).The high burn-up samples generally broke as soon as the annealing
temperature exceeded the in-pile value by a few tens of degrees.3. Modelling of thermal conductivity
The thermal conductivity k (T) was calculated from the mea-
sured thermal diffusivity, a, the speciﬁc heat, and the density. To
our knowledge, no heat capacity measurements are available for
irradiated (U,Gd)O2 fuels, we therefore use a fresh fuel value. In
the case of UO2, a measurement by Amaya et al. [22] has shown
that the heat capacity of irradiated UO2 with 39 GWd/t burn-up
is similar to fresh UO2 and to FPs doped UO2. The Neumann–Kopp
law using unirradiated fuel data is applied by Minato et al. [23] for
irradiated (U,Gd)O2. Therefore, the speciﬁc heat of irradiated fuel
was taken equal to that of the fresh (U,Gd)O2, calculated with the
Neumann–Kopp law from the values for UO2 and Gd2O3 [24]. The
density was calculated from the values measured at ambient tem-
perature (Table 1) and the thermal expansion coefﬁcient obtained
by Venkata Krishnan et al. [21], which, at the low Gd content rele-
vant for this study, is very close to the value for fresh UO2 recom-
mended by Fink [25]. Thermal conductivity changes due to the
variation of the sintered porosity were normalised to 5% porosity
by using the relation recommended by Fink [25]. The porosity
was calculated from the measured density values, corrected for
the lattice swelling due to solid ﬁssion products using a formula
for UO2 [26]. The porosity of each sample was conﬁrmed by man-
ual image analysis from scanned ceramographs.
The classical phonons scattering formula (Eq. (1)) was success-
fully applied to describe the burn-up effects on the lattice thermal
conductivity of UO2 [2]. It corresponds to a crystal in which heat is
propagating through lattice vibrations only [27]. The slope, B, and
the ordinate intercept, A, can be analysed using the phonon scatter-
ing theory. The ordinate intercept A can be expressed by Eq. (2) as
the sum of the thermal resistance due to phonon scattering by
individual point defects (ﬁssion products, interstitial atoms, vacan-
cies, impurities, . . .), as well as dislocations and extended defects
[28], Ci is the phonon diffusion cross-section of defect i. The
parameter Ci depends on the local perturbation in mass, strain
and bonding potential brought about by the point defect of type
‘‘i’’ in the host lattice [29]. The product BT corresponds to the
intrinsic lattice thermal resistivity caused by phonon–phonon scat-
tering. B was empirically obtained from a ﬁtting of the measured
thermal resistivity slopes [30].
k ¼ 1
Aþ BT ð1Þ
A ¼
X
i
Ci ð2Þ
The measurements of the inverse thermal conductivity of
(U,Gd)O2 versus temperature could be well interpolated by straight
lines. As for UO2 [2], a parametric equation for the thermal conduc-
tivity of irradiated (U,Gd)O2 was obtained. It combines the effects
of burn-up, irradiation temperature and post-irradiation tempera-
ture history. The parameters taken into account are the effect of Gd
and soluble or insoluble, non-volatile ﬁssion products, the effect of
the ﬁssion gas content and its state and the impact of irradiation
defects.
3.1. Effect of Gd and ﬁssion products
Taking as reference the thermal conductivity of the unirradiated
fuel (Fig. 10), the effect associated to the presence of the non-
volatile FP and their compounds formed during irradiation (FP in
lattice solution and ceramic precipitates), and to the microstruc-
ture changes (porosity, cracks, and macroscopic irradiation
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after out-of-pile annealing at the maximal temperature. These
defects are not sensitive to thermal annealing, while radiation
damage point defects are recombined or absorbed by growing
extended defects (dislocation loops, voids). Once the effect of radi-
ation damage was suppressed by out-of-pile annealing, one should
expect the concentration of phonon scattering centres, which is
related to the concentration of ﬁssion products, to be a linear func-
tion of burn-up.
Then, the effect of the HBS formation was deduced from the
experimental results by analysing the evolution of the conductivity
for samples with and without HBS restructuring. This effect can be
interpreted as a recovery associated to the grains size reduction,
inducing a decrease in the concentrations of point defects and gas-
eous and volatile FP present in a frozen atomic state.
The fuel matrix is described as a solid solution where the ﬁssion
products have different lattice radii and mass and act as phonon
scattering centers. The calculation of the total scattering parameter
C was performed for all soluble FP, volatile and non volatile, the
detailed procedure can be found in Ref. [2]. The value of C was
found to depend linearly on the amount of dissolved FP and metal-
lic or ceramic FP precipitates, that is proportional to burn-up. The
dependence was quantiﬁed empirically from the evolution with
burn-up of the A coefﬁcient obtained after annealing at 1450 K
(line Tirr = 1450 K in Fig. 11), where the effects of irradiation dam-
age point defects and volatile ﬁssion products were recovered. The
value of C was also found to depend linearly on the amount of
dynamically dissolved volatile FP. The total produced inventory
of volatile FP is proportional to bu, but the amount of dynamically
dissolved volatile FP is proportional to the product bu GIS, where
GIS is the fraction of gas-in-solid deﬁned as the ratio of the gas
amount present in dynamical solution to the total produced inven-
tory. The burn-up dependence was quantiﬁed empirically form the
evolution with burn-up of the A coefﬁcient obtained for the lowest
irradiation temperatures (line Tirr = 750 K in Fig. 11), where a
moderate inﬂexion in the increase of A is observed around the
burn-up of 73 GWd t1 (this value was proposed from microstruc-
ture observations as a threshold for the HBS formation). The GIS
parameter takes into account the effects of the HBS formation
and of irradiation temperature. The correlation for (U,Gd)O2 is
given by Eq. (3).
Cðbu;GISÞ ¼ 9:02 104 bu GISþ 1:74 103 bu ð3Þ
where bu is the local fuel burn-up (in GWd t1).The thermodynamic state of ﬁssion gas was obtained with a dif-
fusion model considering the grains size and predicting the frac-
tion of gas dynamically dissolved (gas-in-solid) and precipitated
(gas-in-bubbles) [2]. The model was calibrated with experimental
results of precipitation/release experiments carried out on repre-
sentative irradiated UO2 samples [31]. The GIS variable describes
the physical state of volatile ﬁssion products and introduces the
impact of the HBS structure formation in the model. It was calcu-
lated analytically and a parametric equation was proposed in Ref.
[2] (Eq. (4)).
GISðbu; Tirr ; TannÞ ¼
1 0:9 1þ exp Tirr95030
 h i1
1þ exp 73bu2
  1
1þ exp Tirr1350200
 h i
1þ exp Tann1350200
  
ð4Þ
The numerator in Eq. (4) describes the decrease of GIS as the
HBS is gradually formed (bu higher than 73 GWd t1 with Tirr lower
than 950 K) associated to the decrease of grain size. The change of
GIS linked to a high irradiation temperature (Tirr > 1350 K) or dur-
ing a post-irradiation annealing at Tann > Tirr is taken into account
in the denominator. In Eq. (4), the constants 30, 2 and 200 describe
the burn-up or temperature dependence of these phenomena and
have to be considered as rough estimations as the number of
samples is limited and does not allow for instance for a precise
observation of the burn-up dependence of the thermal conductiv-
ity evolution in the region of the HBS formation.
3.2. Behaviour of irradiation defects in thermal annealing cycles
The effect of the radiation induced point defects on the conduc-
tivity was deduced from the magnitude and temperature depen-
dence of the recovery observed during laboratory thermal
annealing consisting in a series of cycles with increasing maximum
temperature. The concentration of point defects due to radiation
damage (Frenkel pairs and their clusters) depends on temperature
but not on burn-up, since their saturation occurs at much lower
dpa’s than those achieved at the considered burn-ups. In contrast,
the concentration of dislocations and extended defects depends
both on temperature and burn-up and increases with burn-up,
because point defects are continuously aggregating after reaching
the saturation level.
The effect of out-of-pile self-irradiation was determined by
analysing the low temperature annealing behaviour of samples
irradiated at high temperature, whose thermal conductivity
decreased during storage, and begun to recover at laboratory
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Fig. 12. Predicted value of coefﬁcient B as function of burn-up compared with
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This recovery corresponds to healing of self-irradiation defects pro-
duced between EOL and the time of the measurements. The same
model is adopted for (U,Gd)O2 as already proposed for UO2, the
detailed procedure can be found in Ref. [2]. The recovery observed
during measurements below irradiation temperature was of small
amplitude compared to the recovery observed beyond irradiation
temperature. No clear burn-up dependence was observed, but a
factor F(bu) (Eq. (5)) was arbitrarily introduced in order to weaken
this effect as bu decreases and obtain an extrapolation to zero
burn-up. A recovery of this damage was observed in the tempera-
ture range from 900 to 1450 K during out-of pile annealing, this
recovery was quantiﬁed using the results for the samples with
the highest irradiation temperature, where this recovery was
observable over an extended temperature range (from 500 K up
to the irradiation temperature). The increase of A due to out-of-pile
self-irradiation as a function of burn-up (bu in GWd t1) and tem-
perature, dASelf was modelled with Eq. (6).
FðbuÞ¼ 1þexp 20bu
6
 	 	1
0:03444
 !
ð5Þ
dASelf ðTann;buÞ¼
0:02FðbuÞ if Tann6900 K
0:02 FðbuÞ1450Tann1450900 if 1450 K> Tann >900 K
0 if TannP1450 K
8><
>: inmKW1 ð6Þ
The impact of the in-pile radiation damage was investigated
after subtracting the out-of-pile auto-irradiation effect. As in the
case of UO2, samples with low burn-up and low Tirr showed a con-
ductivity recovery in the form of two stages: at about 950 K and
1300 K respectively. The model for UO2 [2] that was adjusted to
the plots shown in Figs. 6 and 7 of Ref. [2] was found to be appli-
cable and the variation of A due to the effective concentration of
irradiation defects at EOL, dAEOL, is expressed by Eq. (7) in m KW1
with Tm = max(Tirr, Tann).
dAEOLðTm; buÞ ¼ bu850 1þ exp
Tm  950
25
 	 	1"
þ 1þ exp Tm  1300
35
 	 	1
 0:0525
#
ð7Þ
The formula is validated in the temperature range from Tirr to
1450 K. As observed experimentally, for a given temperature, the
effect of in-pile and out-of-pile thermal annealing is equivalent,
so that dAEOL(Tirr, bu) is calculated by the same function, replacing
Tirr by Tann when Tann > Tirr.
The observed variation of the coefﬁcient B at EOL and after
annealing is opposite to that of A (Fig. 12 and Figs. 6 and 7 in
Ref. [2]). Because of the lack of a physical model describing the
impact of the different burn-up effects on the B coefﬁcient, the
equations proposed are similar to the model for the A coefﬁcient
(Eq. (7)), adapted to reproduce the observed variations and simpli-
ﬁed. The variations of B with temperature and burn-up, dBEOL, was
ﬁtted by Eq. (8) in mW1.
dBEOLðTm; buÞ ¼ bu34 4:0 10
5 1þ exp Tm  950
25
 	 	1"
þ 2:5 105 1þ exp Tm  1300
35
 	 	1#
ð8ÞTable 2
A and B coefﬁcients determining the thermal conductivity of unirradiated (U,Gd)O2.
A (KmW1) B (mW1)
This work 0.09623 2.217  104
Baron [32] 0.1047 2.161  1043.3. Complete formula for the thermal conductivity
The thermal conductivity (normalised to 5 vol.% fabrication
porosity) is ﬁnally expressed in the temperature range 500–
1500 K by Eq. (9), where T is the instant application temperature,
Tirr is the irradiation temperature, Tann is the maximum tempera-ture reached during annealing following irradiation at Tirr and bu
is the burn-up (0–100 GWd t1).
k ¼ AðTirr; Tann; buÞ þ BðTirr; Tann; buÞT½ 1 ð9Þ
The coefﬁcient A is given by Eq. (10) (Fig. 11), where the con-
stant 0.09623 K mW1 corresponds for zero burn-up to the value
of Ameasured in the same (U,Gd)O2 fuel pellets before reactor irra-
diation (Table 2). This value is very close to the recommendation of
Baron [32] at the Gd content used in this study, and the calculated
thermal conductivity values for the same Gd content are very close,
as can be seen in Fig. 10. For fuels with a different Gd content, we
therefore recommend his formula (A = 0.0524 + 0.3079 g
+ 12.2031 g2, with g the Gd content in wt.%) for the calculation of
this value. The term C(bu, GIS) represents the phonon scattering
from FP and is given by Eq. (3) and GIS is approximated by Eq.
(4). The third term is due to in-pile and self-irradiation damage
and is given by Eq. (11), where the two terms at the right hand side
are given by Eqs. (6) and (7), respectively, and Tm = max(Tirr, Tann).
AðTirr ; Tann; buÞ ¼ 0:09623þ Cðbu;GISÞ þ dA ð10Þ
dA ¼ dASelf ðTm; buÞ þ dAEOLðTm; buÞ ð11Þ
The evolution of the coefﬁcient B was analysed with the same
methodology and was interpolated from experimental measure-
ments by Eq. (12).
BðTirr; Tann; buÞ ¼ B0 þ ðB1  B0Þ ð6:5 10
5  dBÞ
6:5 105 ð12Þ
The value of B at EOL for the lowest irradiation temperature of
750 K (B0) was obtained by interpolating the curve corresponding
to Tirr = 750 K in Fig. 12 by a straight line (Eq. (13)), with a correc-
tion IRIM (Eq. (14)) associated to the HBS restructuring having a
magnitude of 3.6  105 mW1 (a moderate inﬂexion in the
decrease of B is observed around the burn-up of 73 GWd t1) and
a bu and Tirr dependence similar to the dependence proposed for
the GIS variable (Eq. (4)). The value of B after annealing at 1450 K
(B1) was also interpolated by a straight line (Eq. (15)). In Eq. (15),
the value 2.217  104 mW1 corresponds for zero burn-up to
the value of B measured in the same (U,Gd)O2 fuel pellets before
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266 D. Staicu et al. / Journal of Nuclear Materials 453 (2014) 259–268reactor irradiation (Table 2). As for the A coefﬁcient, for fuels with a
different Gd content we recommend the formula of Baron [32] for
the calculation of this value (B = 2.553  104 + 8.606  104 g –
0.0154 g2, with g the Gd content in wt.%).
B0 ¼ 1:65 106buþ 2:55 104  3:6 105IRIM in m W1
ð13Þ
IRIM ¼ 1þ exp Tirr  950
30
 	
 1
1þ exp 73 bu
2
 	
 1
ð14Þ
and
B1 ¼ 4:2 107buþ 2:217 104 ð15Þ
The effect of the irradiation defects on the value of B is sepa-
rately expressed as follows:
dB ¼ FðbuÞdBEOLðTm; buÞ ð16Þ
where F(bu) is given by Eq. (5), dBEOL(Tm, bu) is given by Eq. (8) and
Tm =max(Tirr, Tann). As for the A coefﬁcient, the factor F(bu) was
introduced in order to extrapolate the formula to fresh fuel.
The calculated and measured values of the A and B coefﬁcients
are compared in Figs. 11 and 12. A good agreement is observed,
justifying that the modiﬁcation of the fresh fuel values in the
UO2 correlation is sufﬁcient in order to obtain a correlation valid
for (U,Gd)O2. In particular, the relative recovery of the thermal con-
ductivity (converted to 95% TD) that is observed after the high
burn-up structure formation, can be observed in the evolution of
the A (Fig. 11) and B (Fig. 12) coefﬁcients, both for UO2 and for
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Fig. 14. Measured and predicted thermal conductivity of samples B12, C10, I11 and
J9.
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Fig. 15. Measured and predicted thermal conductivity of samples O9 and P12.4. Thermal conductivity results
The thermal conductivity of the unirradiated (U,Gd)O2 sample is
compared to the recommendations of Baron [32] and Hirai and
Ishimoto [5] for (U0.928,Gd0.072)O2 and of Fink for UO2 [25] in
Fig. 10. An excellent agreement is observed between our results
and the recommendation of Baron, while the results of Hirai are
lower in the low temperatures range. The examination of the
experimental thermal conductivity points of Hirai and Ishimoto
(Fig. 2 in Ref. [5]) shows a large scatter in the results obtained in
the low temperatures range, and also lower values obtained with
the recommended equation. The equation recommended by Hirai
and Ishimoto was ﬁtted to results obtained for to a broad range
of Gd compositions and does not correspond to the best estimate
for the composition considered in this work. The results were
expressed by Eq. (1), with the A and B coefﬁcients given in Table 2.
The thermal conductivity predicted with the correlation for
irradiated (U,Gd)O2 (Eq. (9)) is compared to the entire set of exper-
imental results (converted to 5 vol.% porosity) in Figs. 13–15. A
good quantitative agreement is observed, both before and after
laboratory annealing. In Fig. 13, the measured and calculated
values for the corresponding samples A10 ((U,Gd)O2,
Tirr = 730 K, bu = 34 GWd tHM1) and A6 (UO2, Tirr = 700 K,
bu = 33 GWd tHM1) are compared. For these low irradiation tem-
perature samples, the out-of pile annealing resulted in a signiﬁcant
and very similar thermal conductivity recovery. However, a signif-
icant difference in thermal conductivity values between irradiated
(U,Gd)O2 and UO2 is observed, both before and after out-of-pile
annealing at about 1500 K. The thermal conductivity measured as
temperature is increasing (ﬁrst heating of an irradiated sample)
corresponds to a changing sample state, as a result of the annealing
of irradiation damage taking place. This recovery results in a rela-
tively complex thermal conductivity dependence on temperature,
and the resulting curve cannot be described by the 1/(A + BT) equa-
tion with constant A and B coefﬁcients. The curves obtained whentemperature is decreasing correspond to a sample with constant
state (no supplementary recovery of radiation damage takes place),
and can be described by the 1/(A + BT) equation with constant A
and B coefﬁcients. This feature is taken into account in the pro-
posed correlation with the Tann parameter, which is the maximum
temperature reached during the out of pile annealing, and repre-
sents the damage state of the sample.
In Fig. 14, the beneﬁcial effect of the high burn-up structure for-
mation in the Gd-doped fuels can clearly be seen comparing the
D. Staicu et al. / Journal of Nuclear Materials 453 (2014) 259–268 267low irradiation temperature samples B12 (61 GWd tHM1, without
high burn-up structure) and C10 (84 GWd tHM1, with high burn-
up structure): the higher burn-up of sample C10 should have a sig-
niﬁcantly lower thermal conductivity but the thermal conductivity
for samples B12 and C10 is very similar. This observation is well
reproduced by the model: the difference between the calculated
values for samples B12 and C10 is small. Comparison of sample
A10 (33 GWd tHM1) (Fig. 13) with samples B12 (61 GWd tHM1)
and C10 (84 GWd tHM1) (Fig. 14) shows that the thermal conduc-
tivity decreases with increasing burn-up. The results for the sam-
ples O9 (84 GWd tHM1) and P12 (97 GWd tHM1) irradiated at
high temperature are shown in Fig. 15. Comparison of the results
obtained for the C10 (Fig. 14) and O9 samples (burn-ups of about
80 GWd tHM1) shows that the thermal conductivity is higher
for sample O9, due to its higher irradiation temperature (1510 K)
compared to sample C10 (780 K). Finally, a moderate recovery in
thermal conductivity was observed for sample P12, which was
attributed to the recovery of out-of pile auto-irradiation damage:
due to its high irradiation temperature (1580 K), no irradiation
damage produced in-pile could be recovered during our measure-
ments which did not reach such a high temperature. This interpre-
tation is based on the assumption that during an out of pile
experiment with a sample irradiated at very high temperature,
no damage produced at this very high temperature can recover
during measurements at lower temperatures than the irradiation
temperature. The damage produced in pile starts to recover when
the measurement temperature exceeds the irradiation tempera-
ture. There are some factors that can affect this assumption (the
effect of the ﬁssion rate which is absent out-of-pile, the tempera-
ture history when the irradiation stopped, and the duration of
the out-of pile experiments) but the experimental results show
that this assumption gives consistent results: for the same burn-
up, a much larger degradation in thermal conductivity for samples
irradiated at the lowest temperatures compared to the samples
irradiated at the highest temperatures is observed. The curves cal-
culated with the proposed correlation reproduce this behaviour.
The thermal conductivity prediction for (U,Gd)O2 is compared
(Fig. 16) with results published by Yagnik [12] for fuels (10 at.%
Gd) irradiated under isothermal conditions with uniform burn-
ups of 21 and 47 GWd tHM1 and with an irradiation temperature
of about 700 K. The results of Amaya et al. (6.4 at.% Gd) [10] for
commercial reactor fuels with burn-ups of 43 and 50 GWd tHM1
and an irradiation temperature of about 1100 K are also shown.
A good quantitative agreement is observed, both before and after
annealing, including the temperature dependence of the thermal600 800 1000 1200 1400 1600
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Fig. 16. Comparison of the thermal conductivity prediction for (U,Gd)O2 with the
results published by Yagnik [12] and Amaya et al. [10] (95%TD).conductivity recovery, which was investigated using out-of pile
annealing cycles.5. Conclusions
The thermal diffusivity of irradiated (U,Gd)O2 fuels was mea-
sured up to about 1500 K or up to sample failure. For the most
resistant samples, laboratory thermal annealing cycles with
increasing maximum temperatures were applied to examine radi-
ation damage recovery effects. The high burn-up samples irradi-
ated at low temperatures failed at temperatures just above the
in-pile temperature. These new results were compared to results
for UO2 that were published earlier. No signiﬁcant difference in
sample failure due to heating was observed between the experi-
ments for UO2 and (U,Gd)O2. The results obtained for fresh fuels
conﬁrm the signiﬁcantly lower thermal conductivity of the
(U,Gd)O2 fuel when compared to UO2. The decrease of the
(U,Gd)O2 conductivity with burn-up was found to be similar to
the observations made for the UO2 fuel, but even at high burn-
ups a difference in thermal conductivity between (U, Gd)O2 and
UO2 is still signiﬁcant.
The thermal conductivity results obtained for the irradiated fuel
were analysed by adapting an equation previously proposed for
pure UO2 [2] to (U,Gd)O2. The formula for UO2 was modiﬁed in
order to take into account the difference between unirradiated
UO2 and (U,Gd)O2. As for UO2, this equation combines the effects
of burn-up, irradiation temperature and post-irradiation tempera-
ture history. The parameters that have been evaluated for UO2
remain valid, the burn-up effects are therefore very similar in both
fuels. The effect of soluble, non-volatile ﬁssion products was
deduced from the analysis of the results obtained after annealing
at high temperatures, supposing that the radiation damage was
annealed. The effect of the ﬁssion gas content and its state was
deduced by quantifying the effect of the HBS formation that
induces a redistribution of the ﬁssion gas present in the grains to
intergranular porosity [33]. The impact of irradiation defects (both
present at EOL and created during subsequent storage by self-irra-
diation) was quantiﬁed from the thermal recovery observed during
the annealing cycles: the thermal conductivity recovery observed
under the irradiation temperature was attributed to out-of-pile
auto-irradiation damage, and the recovery observed at tempera-
tures higher than the irradiation temperature was attributed to
the recovery of damage created in-pile.
The values calculated with the proposed correlation are in good
agreement with our measurement results and also with literature
data available for irradiated commercial and special irradiation
fuel samples. The correlation provides thermal conductivity curves
for the EOL state of the fuel, and also as a function of the temper-
ature reached during laboratory annealing, reproducing on a phys-
ical basis the thermal conductivity recovery observed. One of the
advantages of the proposed correlation is that the data obtained
from seven (U,Gd)O2 irradiated fuel samples was used, covering a
broad range of burn-ups and irradiation temperatures, including
samples with and without the high burn-up structure.References
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